Addition of alkaline phosphatase to rat kidney cytosol diminishes the ability of the mineralocorticoid receptor (MR) to bind aldosterone in a time-, temperature-and concentration-dependent form. A variety of phosphatase inhibitors, including levamisole, are effective in preventing this inactivation. On the other hand, when the steroid-receptor complex is incubated in the presence of alkaline phosphatase, an increment in the rate of receptor transformation is evidenced by a change in the sedimentation coefficient from 8.8 S to 5.1 S, as well as increased DNA-binding capacity. The effects of alkaline phosphatase on activation and transformation can also be observed when the MR is incubated at 20 mC in the cytosolic medium, indicating
INTRODUCTION
The mineralocorticoid receptor (MR) is a member of the steroid\thyroid hormone receptor superfamily of ligand-activated transcription factors. All members of this family share a common set of domains, each domain having a conserved function [1] . An evolutionary tree shows that MR, glucocorticoid receptor (GR), progesterone receptor (PR) and androgen receptor (AR) belong to a subfamily with similar ligand-and DNAbinding specificities [2] . The MR-steroid-binding domain is located at the C-terminus of the protein and shares " 60 % homology with GR. Compared with human (h) GR, the DNAbinding domain of hMR is the most conserved among all steroid receptors (" 94 %), and is located approximately in the central region of the receptor. On the other hand, the N-terminal immunogenic domain is the least conserved (less than 15 %), and may be responsible for differences in target-gene specificity [3] .
Native steroid receptors are not necessarily confined to one intracellular compartment, but are capable of passing freely into and out of the nuclei of hormone-free cells [4] . For example, under steady-state conditions, most MR and GR molecules are cytoplasmic, whereas most PR and oestrogen receptor (OR) molecules are nuclear. However, when receptors are expressed in some cells lines the distribution may be the opposite. In effect, GR is localized to the cytoplasm of mouse fibroblasts, whereas the same GR expressed in Chinese hamster ovary cells remains predominantly in the nucleus [5] . Similarly, the hAR is nuclear in HeLa cells, but cytoplasmic in COS-1 cells [6] .
It is now generally accepted that the association of heat-shock proteins (hsps) with steroid receptors is important for the stabilization of the steroid receptors in a non-DNA-binding and that the catalytic action of an endogenous phosphatase may be involved in the transformation process. The ability of phosphatase inhibitors such as levamisole for suppressing both alkaline phosphatase-and endogenous phosphatase-directed transformation does not correspond well between them. Evidence is presented to affirm that the endogenous phosphatase activity is not due to an alkaline phosphatase-type, but it may be due to a protein serine\threonine phosphatase, as evidenced by the inhibitory effects of okadaic acid. The experimental results also show direct evidence that the MR undergoes phosphorylation in a physiological milieu.
transcriptionally inactive state. However, in this state the receptors adopt a high steroid-binding affinity conformation. In the presence of hormone, the steroid receptors are transformed to a DNA-binding and transcriptionally active form [7] . These requirements have also been found for the MR [8] . Unlike other members of this superfamily, little is known about the mechanism of activation of the MR, which is unstable and sparse in tissues. Two major factors that have been shown to affect its stability are high sensitivity to both oxidative processes [9] and extensive proteolysis [10] .
Phosphorylation plays a major role in the activation and transformation of the other steroid receptors. The pioneer report demonstrating the correlation between intracellular ATP levels and GR binding capacity was published in 1968 by Munck and Brinck-Johnsen [11] . Nielsen et al. [12] reported that incubation of fibroblast cytosol with alkaline phosphatase (AlkP) prevented the steroid-binding activity of GR. It was subsequently shown that almost all receptors of this superfamily are phosphoproteins [13] , and the study of the steroid-receptor phosphorylation has become a subfield of nuclear-receptor research.
However, little is known about the MR. Alnemri et al. [14] overexpressed human MR in Sf9 insect cells, and reported that the recombinant MR also undergoes phosphorylation. Certain aspects of this phenomenon remain unclear, such as the amino acids involved, hormone dependence, whether or not nati e MR is present in a phosphorylated form and how this phosphorylation is regulated.
The present study shows that kidney MR is a phosphoprotein whose sedimentation and DNA-binding properties are altered by treatment with AlkP. Evidence also suggests that the endogenous phosphatase that appears to affect MR transformation belongs to the PP1\PP2A serine\threonine phosphatase subgroup.
MATERIALS AND METHODS

Chemicals
[1,2-$H]Aldosterone (specific radioactivity l 50.0 Ci\mmol) and "#&I-conjugated antibodies were purchased from New England Nuclear (Boston, MA, U.S.A.). Radioinert aldosterone (ALDO), bovine intestine AlkP (type VII-NT), AlkP from Escherichia coli (type III-L), potato acid phosphatase (fraction III), human acid phosphatase from semen, levamisole, leupeptin, aprotinin from bovine lung, trypsin\chymotrypsin inhibitor from soybean, PMSF, 4-[(p-nitrophenyl)azo] resorcinol (4-NPR), okadaic acid and double-stranded DNA-cellulose from calf thymus (7 mg of DNA\g) were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.). 17-α-Alkanyl-11β,17-dihydroxy-androsterone (RU28362) was a kind gift from Roussell-Uclaf (Romainville, France). p-Nitrophenyl phosphate (PNPP) assay kit was purchased from Boehringer Mannheim (Buenos Aires, Argentina). BuGR2 monoclonal IgG antibody against GR was from Affinity Bioreagents (Golden, CO, U.S.A.) ; AC88 monoclonal IgG against hsp90 was from StressGen (Victoria, BC, Canada) ; the rabbit pAbhMR polyclonal antibody against MR was a kind gift of Dr. G. Litwack and Dr. N. Robertson (Jefferson Cancer Institute, Philadelphia, PA, U.S.A.) ; goat anti-mouse IgGhorseradish peroxidase conjugate was from Sigma ; and donkey anti-rabbit IgG-horseradish peroxidase was from Pierce (Rockford, IL, U.S.A.). All reagents used for SDS\PAGE were purchased from National Diagnostics (Atlanta, GA, U.S.A.).
Binding assays
Rat kidney MR was obtained from 200 g male Sprague-Dawley rats, which were adrenalectomized 48 h previously, as described in detail in [15] . Kidneys blanched by profuse perfusion with cold 0.9 % NaCl were homogenized with two volumes of cold TEGI buffer [(25 mM Tris\1 mM EDTA\25 % glycerol\10 mM β-mercaptoethanol\0.1 mM PMSF\2 IU\ml aprotinin\30 µg\ml trypsin\chymotrypsin inhibitor (pH 7.4)]. The homogenate was centrifuged at 67 000 g for 45 min at 0 mC, and the supernatant from this centrifugation was referred to as the cytosol.
Kidney cytosol was incubated for 10-12 h at 0 mC in the presence of 10 nM [$H]ALDO and 1.0 µM RU28362 as described before [16] . Under these conditions, no cross-reactions with kidney GR were observed [9, 17] . A 1000-fold excess of radioinert ALDO was used to determine the non-specific binding (" 25 % of the total). The standard reaction volume used in these studies was 0.5 ml. Bound steroid was separated from free by adding 1 volume of 2 % (w\v) charcoal AR coated with 0.2 % (w\v) dextran 15-20 in the above buffer ; the mixture was then shaken twice for 5 s, maintained on ice for 5 min and centrifuged at 8160 g (10 000 rev. per min) for 5 min at 4 mC. The radioactivity in 0.4 ml of supernatant was counted with 60 % efficiency for tritium.
Sucrose gradient ultracentrifugation
Kidney cytosol was radiolabelled with [$H]ALDO by incubating for 4 h at 0 mC, and the free steroid was then removed with charcoal : dextran. The supernatant was incubated at 20 mC for 20 min to allow hsp90 (and associated proteins) to dissociate, and was then centrifuged on a 5-20 % sucrose gradient in TEGI buffer (both in the presence or absence of 20 mM Na # MoO % or 10 mM levamisole). This was accomplished using vertical-tube rotor sucrose gradients with a Beckman VTi80 rotor. The gradient was centrifuged at 463 000 g (80 000 rev. per min) to a present cumulative centrifugal effect (w#t) of 3.0i10"" rad#\s in a Beckman vTi65.2 vertical rotor for 90 min at 0 mC. 250 µl fractions were collected by gravity flow. ["%C]Ovalbumin (3.5 S) and rabbit muscle ["%C]aldolase (7.9 S) were used as internal standards.
Binding of the steroid-receptor complexes to ionic interchange resins
[$H]ALDO-labelled receptors were applied to a column of Sephadex G25 (1 cmi10 cm) equilibrated with TEG [10 mM Tris\1 mM EDTA\10 % glycerol\1 mM β-mercaptoethanol (pH 7.4)]. The peak-excluded fraction was applied immediately to a minicolumn of DEAE-cellulose (1 cmi3 cm) pre-equilibrated in TEG and washed with 3 volumes of buffer. This eluted fraction was applied to another minicolumn of DNA-cellulose pre-equilibrated in TEG and washed with three volumes of buffer. The radioactivity bound to both columns was eluted in batch with elution buffer (TEG\0.5 M KCl\0.2 % Triton X-100) and the radioactivity was counted. The percentage of activation was calculated by dividing the c.p.m. bound to DNA-cellulose into the addition of c.p.m. bound to both resins. The slices were then washed with buffer, homogenized and the DNA-binding capacity of the resultant cytosol fractions was assayed as described above. When the inhibition of endogenous phosphatases was attempted, two approaches were used : (i) 20 mM sodium vanadate, 10 mM levamisole or 100 nM okadaic acid were added to the medium ; (ii) Ca# + or Mg# + salts were omitted from the buffer and 10 mM EGTA or 5 mM 4-NPR were added, respectively, to chelate contaminant traces of the cations.
Effect of phosphatase inhibitors on MR-transformation
PNPP hydrolysis assay
The activity of phosphatases and the effects of inhibitors of the enzymes were analysed using the standard PNPP hydrolysis assay, with or without an appropriate concentration of inhibitors. Incubation medium (1 ml) was placed into a cuvette and 350 IU of enzyme was added. This sample was mixed immediately and placed into a Shimazdu UV-3000 dual-wavelength double-beam recording spectrophotometer. Reactions were carried out for 10 min at 20 mC, and readings were taken at an absorbance of 405 nm every 30 s (ε mM %!& l 18.5). The initial rate of the reaction was calculated.
Western blotting
MR was immunoadsorbed with pAbhMR antibody from kidney cytosols as follows : rat kidneys were removed after 48 h of adrenalectomy, cortex and cortex-medulla interphases were minced in TEGIMo buffer (TEGI with 20 mM Na # MoO % ), and cytosol was obtained as described above. Cytosolic extracts (200 µl) were precleared with 60 µl of 20% (w\v) protein ASepharose (PAS) for 30 min at 4 mC. The supernatant was adsorbed with 10 µl BuGR2 and 60 µl PAS for 1.5 h at 4 mC, and pellets were discarded. This procedure, repeated twice, prevents the slight cross-reactivity of pAbhMR with GR. 5 µl pAbhMR was added to precleared supernatants and incubated for 3 h at 4 mC. 100 µl PAS was added and incubated for 5 h. The immunopellets were washed five times with TEGIMo buffer, boiled in SDS sample buffer with 10 % β-mercaptoethanol, and resolved on 12 % SDS-polyacrylamide gel. Proteins were transferred to an Immobilon-P membrane and probed with pAbhMR (anti-MR), AC88 (anti-hsp90) and BuGR (anti-GR). The immunoblots were then incubated with the appropriate horseradish peroxidaseconjugated counter-antibody to visualize immunoreactive bands, reincubated with "#&I-conjugated counter-antibody and autoradiographed. In every immunoadsorption of MR, GR was immunoadsorbed with BuGR2 antibody in order to clear GR from kidney cytosol extracts. Control incubations with nonimmune rabbit serum (for MR) or nonimmune mouse IgG (for GR) were also performed to evaluate the non-specific adsorption of other proteins.
Phosphorylation of rat kidney MR
2 g of kidney tissue (cortex and cortex-medulla interphase) was minced with scissors in two volumes of phosphate-free medium. 50 µCi of [$#P]-orthophosphate was added and incubated for 2 h with continuous shaking (360 rev. per min) under a 95 %O # \5 %CO # atmosphere. The tissue was washed three times with 10 ml of Earle's balanced saline buffer and cytosol was obtained in TEGIMo buffer supplemented with 20 mM Na $ VO % , 20 mM NaF, 1 mM EGTA and 1 µM okadaic acid. GR was immunoadsorbed with BuGR2 and pellets were discarded. Both radioactive and non-radioactive supernatants were fractionated with solid ammonium sulphate. Precipitated proteins (10 % to 30 % of saturation) were dissolved in 200 µl of supplemented buffer, immunoadsorbed with pAbhMR and washed with TEGIMo buffer. The immunopellets were then stripped for 1.5 h at 4 mC with 0.5 M NaCl, and washed three times with TEGIMo. Proteins were resolved by electrophoresis on a 12 % SDS\polyacrylamide gel, transferred to membranes and autoradiographed. When incubations with phosphatases were intended, molybdate was eliminated from the immunopellets by two washes with TEGI buffer. Samples were then incubated for 20 min at 20 mC with Cytosol was preincubated with 400 µg/ml bovine AlkP at 0 mC, 20 mC and 32 mC. At indicated times, 0.5 ml aliquots were removed and the specific binding capacity was determined (meanpS.E.M., n l 3) in accordance with the procedure described for panel A. Results are presented as the percentage of the specific binding measured in the presence of AlkP (B) with respect to controls incubated in the absence of AlkP (Bc).
150 µl of cytosol in TEGI buffer, in the absence or presence of 400 µg\ml AlkP.
RESULTS
AlkP promoted MR inactivation
The ability of bovine AlkP to inactivate kidney MR binding capacity at 20 mC is shown in Figure 1 (A). The MR binding capacity is diminished in a concentration-dependent form by preincubating with AlkP, suggesting that a dephosphorylation may promote MR inactivation. It has been suggested that when GR from fibroblasts or liver cytosol is incubated with AlkP, the loss of GR steroid-binding capacity may be the result of changes in the redox potential due to the inactivation of NADPH [18] . This is not the case for kidney MR, since the binding capacity remains unchanged when preincubations were performed in the presence of 5 mM NADPH (results not shown)
The control incubated without AlkP for 20 min at 20 mC shows a specific binding of 965p89 c.p.m.\mg, a value which is 27 % lower (P 0.001) than the specific binding measured when samples without AlkP were placed on ice for 20 min (1317p 101 c.p.m.\mg). This observation shows that under these conditions, other temperature-dependent processes can also affect MR binding capacity besides the inactivation observed with exogenous AlkP. Figure 1 (B) shows the effect of time and temperature on MR inactivation caused by 400 µg\ml AlkP. Results are referred as B\Bc ratio in order to normalize the different treatments, where B is the specific binding measured in the presence of AlkP, and Bc is the control incubated for the same period of time and at the same temperature, but in the absence of AlkP. This control evaluates the loss of binding capacity due to processes other than the dephosphorylating activity of added AlkP (i.e. due to thermal instability or proteolysis). As can be seen, MR is completely inactivated after 10 min at 32 mC and partially inactivated at 20 mC for 20 min. On the other hand, there is no effect at 0 mC.
In this series of experiments, control samples were also preincubated in the presence of 40 mM orthovanadate and 10 mM levamisole in order to inhibit the phosphatase activities. Equivalent specific binding of [$H]ALDO could be measured when cytosols were preincubated at 32 mC for 10 min (1197p 388 c.p.m.\mg), 20 mC for 40 min (1278p345 c.p.m.\mg) and 0 mC for 40 min (1321p277 c.p.m.\mg). These observations confirm that the inactivation of MR observed in Figure 1(B) is due mainly to the phosphatase activity rather than proteolysis or thermal denaturation.
It should be noted that all reactions were performed at pH 7.4 to preserve MR stability since experiments performed at pH 8.0 exhibited significant loss of MR binding capacity. This may be due to the spontaneous dissociation of hsp90 from the receptor induced by the alkaline pH [18] . None the less, phosphatases were very active in the hydrolysis of PNPP (results not shown). Zinc has been shown to be an essential cofactor for phosphatase activity [12] . However, Zn# + was not added to the incubation media since its absence does not cause a significant decrease in enzymic activity. The presence of 1 mM EDTA also failed to alter AlkP activity, as measured by hydrolysis of PNPP and MR binding capacity, but a final concentration of 10 mM EDTA, which has been shown as optimal for preserving MR binding capacity [9] , inhibited AlkP activity (" 60 %). Herein a concentration of 1 mM EDTA was used consistently.
The experiments shown in Table 1 were performed in order to determine the effect of compounds with known phosphatase inhibitory activity on the MR steroid-binding capacity. Oxyanions such as molybdate, vanadate and phosphate, as well as sodium fluoride, were factors that not only preserved, but also increased significantly MR steroid-binding capacity over controls incubated in TEGI buffer. This observation may be associated with the ability of these compounds to inhibit endogenous phosphatase activity, as was also evidenced in experiments shown in Figure 1 .
Levamisole, a specific inhibitor of AlkP, exhibited the highest degree of protection of MR binding capacity. This effect was observed not only when used to protect MR against exogenous AlkP, but also against the activity of endogenous AlkP, as 40 % higher specific binding was observed over the controls incubated with buffer TEGI only.
The only phosphatases which promoted inactivation were those that belong to the AlkP family. Similar results to those shown here were obtained when AlkP from E. coli was used, but not when potato acid phosphatase or human semen acid phosphatase were assayed (results not shown), even when all phosphatases assayed were extremely active in the hydrolysis of PNPP.
AlkP promotes MR transformation
Experiments were performed to characterize the phosphatasepromoted receptor by using sucrose-gradient ultracentrifugation. Since sodium molybdate has been shown to stabilize untransformed steroid receptors, and levamisole was effective in protecting MR against exogenous phosphatases (Table 1) , the effects of these reagents on hydrodynamic properties of the receptor were assayed.
Figure 2(A) shows that when homogenization and incubation are performed at 0 mC in a buffer without supplements, a typical pattern for steroid receptors is found. Under these conditions, MR shows a major peak of untransformed MR (8.8 S), which represents " 77 % of the total, as well as a minor peak of transformed MR (5.1 S), which represents " 23 % of the total. This second peak appears to fade in the presence of levamisole and disappears completely in the presence of molybdate. The addition of exogenous AlkP ( Figure 2B ) resulted in a large increase in the 5.1 S peak (78 %), with a concomitant loss of the 8.8 S peak (22 %). The presence of 20 mM molybdate inhibited the MR transformation induced by exogenous AlkP at 20 mC. However, this transformation was only partially inhibited in the presence of 10 mM levamisole. In effect, the 5.1 S peak represents 45 % of the radioactivity whereas the 8.8 S peak accounts for the remaining 55 %. This result suggests that MR transformation may be induced by another endogenous phosphatase that is not inhibited by levamisole. Figure 2(C) shows that pooled fractions of the 8.8 S peak reincubated with AlkP shifted to 5.1 S, whereas the presence of levamisole partially protected that transformation. The relative abundance of the 5.1 S peak observed in Figure 2 (C) is lower than the one observed in Figure 2(B) , suggesting a partial clarification of the putative endogenous phosphatase after the first gradient.
The experiment shown in Figure 2 (D) was designed in order to confirm the afore-mentioned possibility that an endogenous phosphatase may be responsible for shifting the sedimentation coefficient of MR. The transformation of the receptor was observed when incubations of cytosol were performed at 20 mC in the absence of protecting agents. This transformation was totally abolished by the presence of 20 mM Na # MoO % , but not by 10 mM levamisole, confirming that the endogenous phosphatase can be inhibited by molybdate and not by levamisole. These
Table 2 Effect of vanadate and levamisole on MR transformation
Kidney cytosol was labelled with [ 3 H]ALDO under optimal conditions (TEGI buffer with 20 mM molybdate, at 0 mC for 4 h). The samples were applied to a minicolumn of Sephadex G25 equilibrated in TEG buffer to remove free steroid and salts. The peak-excluded fraction was immediately concentrated by ultrafiltration and incubated at 20 mC for 20 min in the presence of levamisole, vanadate, bovine intestine AlkP or combinations of these treatments. After the incubation period, 20 mM Na 2 MoO 4 was added to all samples to stabilize steroid-receptor complexes, which were placed on ice. The binding properties to DEAE-cellulose (MR activation) or DNA-cellulose (MR transformation) were assayed as described in the Materials and methods section. Results in parentheses are the percentage of the total binding shown in the first column. results suggest that dephosphorylation may be an important factor required for MR transformation, but also that this dephosphorylation is not performed by an endogenous phosphatase belonging to the AlkP family.
The 5.1 S form of MR is dissociated from hsp90 and binds to DNA-cellulose columns
It is known that transformed MR possesses the ability to interact with cationic interchange resins such as DNA-cellulose, whereas untransformed oligomeric receptors bind to anionic interchange resins such as DEAE-cellulose [9] . To validate that correlation, [$H]ALDO-MR complexes were incubated at 20 mC with AlkP or placed on ice in buffer containing molybdate. 5.1 S and 8.8 S forms were separated by centrifugation in a 5-20 % sucrose gradient. Pooled peaks were applied to a minicolumn of DEAEcellulose and washed, and the unbound fraction was immediately applied to a minicolumn of DNA-cellulose connected in series. The radioactivity associated with each column is shown in Figure  3 (A). As expected, most of the 8.8 S form of MR bound to DEAE-cellulose while the 5.1 S bound to DNA-cellulose column. The bound receptor on each column was extracted by boiling the resin with SDS-sample buffer. Proteins were resolved by electrophoresis and Western blots with the antibodies pAbhMR (for MR), BuGR (for GR) and AC88 (for hsp90) were performed. Figure 2 (B) shows the band of GR (" 98 kDa) specifically immunoadsorbed with BuGR2 from either 5.1 S and 8.8 S pooled peaks. GR is mainly present in the 8.8 S fraction. The weak band of GR observed in 5.1 S fractions is related to the poor capacity of ALDO to transform GR at the concentration used in the incubations [17] . When immunoadsorptions were blotted with pAbhMR, a slight cross-reactivity can be observed with the GR present in the 8.8 S fraction. On the other hand, blots accomplished with pAbhMR show a band of " 105 kDa, which is attributed to MR in accordance with the calculated mass of the amino acid sequence of rat MR [19] . Figure 3 (C) also demonstrates that hsp90 is co-immunoadsorbed with MR when the receptor is only in the 8.8 S form, confirming that 5.1 S forms lost hsp90 during the transformation process. It should be noted that the afore-described results were observed when the slight cross-reactivity of pAbhMR with GR was eliminated by previous immunoadsorption of GR with BuGR2 (see below). Table 1 shows that vanadate and levamisole are the most effective agents in protecting MR binding capacity, whereas incubations with AlkP significantly inhibited it. In the experiments shown in Table 2 I used the differential ability of MR to be bound by resins in order to study symmetrical effects of those compounds on MR transformation. Labelled receptors were incubated at 20 mC with levamisole, vanadate and\or AlkP. The products of these incubations were assayed by DEAE-cellulose (activation) and DNA-cellulose (transformation) binding assays. The radioactivity not bound by resins was considered to be the result of degradation products generated during the incubation at 20 mC ( 15 %).
Consistent with data of Table 1 , controls performed with levamisole and vanadate show increased steroid binding, whereas AlkP reduced it in a levamisole-and vanadate-sensitive form. However, whereas VO % $− inhibits MR transformation, levamisole was shown to be unable to inhibit this process. These results show that dephosphorylation catalysed by bovine AlkP and endogenous phosphatases can inhibit steroid binding and cannot only change the hydrodynamic properties of the MR by increasing the 5.1 S form (Figure 2 ), but also that this shift confers DNA-binding properties to MR. Table 2 shows again that vanadate is efficient in inhibiting the endogenous phosphatase as well as AlkP. In effect, at variance with the levamisole effect, the presence of vanadate inhibited the activity of both bovine AlkP (15.9 % of binding to DNA) and the endogenous phosphatase (14 % of binding to DNA). These values are similiar to those observed in controls incubated at 0 mC.
AlkP treatment of preformed steroid-receptor complex led to a loss of the total binding capacity when compared with incubations performed at 20 mC with TEGI buffer. On the other hand, the presence of vanadate led to the opposite effect. These observations may reflect the consequence of a different degree of MR phosphorylation on binding capacity ; similarly with those results shown in Figure 1 and Table 1 for unoccupied receptors.
Effects of sodium fluoride on endogenous-receptor transformation
I endeavored to determine if NaF would be effective in suppressing both endogenous MR transformation and cytosolic phosphatase activity. In preliminary experiments (Table 1) it was found that, aside from the known effects of oxyanions on receptor binding capacity, NaF also exhibits a protective effect on MR steroid-binding ability. This may be due to their ability to inhibit endogenous phosphatases. As vanadium salts may also affect protease activity [20] , my interest was focused on the effects of fluoride, since this compound is not known to be a protease inhibitor. Figure 4 shows that NaF inhibits receptor transformation in cytosols (tested as binding to DNA and shifting to 5.1 S form) and the endogenous phosphatase activity (measured as hydrolysis of PNPP) in an equivalent form. Similar results were also obtained when a full dose-response curve was achieved with vanadate (results not shown).
These experiments demonstrate that the 8.8 S 5.1 S shift and DNA-binding capacity are both connected to the activity of the endogenous factor, which is inhibited by fluoride.
Endogenous phosphatase activity
The next goal was to identify which endogenous phosphatase may be involved in inhibiting MR transformation. Attention was focused on phosphoseryl\phosphothreonyl phosphatases, since NaF has been implicated as an efficient inhibitor of these enzymes [21] . The protein serine\threonine phosphatase family is divided into two groups, referred to as type 1 (PP1) and type 2 (PP2), depending on substrate specificities. In turn, the type 2 phosphatase group has been subdivided into three subgroups (PP2A, PP2B and PP2C), based on their dependence on bivalent cations and sensitivity to certain inhibitors. Using these criteria, kidney slices were incubated in a Ca# + -or Mg# + -free medium, or in the presence of the PP1\PP2A specific inhibitor, okadaic acid. Inhibition of DNA-binding capacity by vanadate and levamisole were used as controls. Table 3 shows that the DNA binding ability of MR is not affected by the absence of either bivalent cation. This fact suggests the possibility that the endogenous phosphatase might not belong to the PP2B\PP2C type, since these enzymes exhibit an absolute requirement for bivalent cations. On the other hand, PP1\PP2A phosphatases exhibit activity in buffers lacking bivalent cations. Consistent with this observation, the inhibition of the MR DNA-binding capacity by the marine-sponge toxin okadaic acid argues in favour of PP1 and\or PP2A endogenous activities. Okadaic acid (100 nM) does not exhibit an inhibitory effect on either PP2B\PP2C phosphatases or AlkPs [22] , once more supporting the notion that the endogenous phosphatase does not belong to this group of enzymes. It should be noted that okadaic acid does not affect MR steroid-binding capacity as AlkP does ( Figure 1 and Table  1 ), suggesting the existence of different phosphate groups on the MR, which may be hydrolysed selectively by different kinds of phosphatases.
The studies shown in Figure 5 were acomplished in order to provide direct evidence for receptor phosphorylation and confirm the effect of the selective inhibitor for PP1\PP2A phosphatases. Minced kidney was incubated in a phosphate-free medium with [$#P]orthophosphate, while controls for Western blot were incubated without radioactivity. In order to prevent the slight cross-reaction of pAbhMR with labelled GR, cytosols were clarified previously by immunoadsorption with BuGR2. MR, labelled or not, was then purified partially, immunoadsorbed and blotted. Figure 5 (A) shows the comparative phosphorylation pattern of whole-kidney cytosol and partially purified and immunoabsorbed MR (same exposure time). A major 100-105 kDa phosphorylated band can be seen. Autoradiographs shown in Figure 5 (B) demonstrate that when samples are clarified of labelled GR after three immunoadsorptions with BuGR2 antibody (efficiency 60 % per immunoadsorption), there is neither detectable radioactivity due to GR ( Figure 5B , upper line), nor detectable GR with pAbhMR by Western blot ( Figure 5B , lower line). 
DISCUSSION
The MR is the least-characterized receptor of the steroid\thyroid receptor superfamily. Compared with other members of this superfamily, little is known about the structure and mechanism of MR activation. The results shown here approach an almost unknown field, such as the mechanism of transformation of MR by phosphorylation\dephosphorylation processes. Results argue strongly in favour of the need for a phosphorylated MR state to bind hormone and a dephosphorylated MR state to interact with DNA.
The evidence presented here in favour of the phosphorylated state of native rat kidney MR agree with the report of Alnemri et al. [14] , who have shown that recombinant hMR expressed in Spodoptera frugiperda insect cells exhibits a high degree of $#P incorporation when incubated in the presence of [$#P]orthophosphate.
Treatments with AlkP resulted in the loss of steroid-binding capacity and in dramatic changes of MR hydrodynamic properties by causing a shift from the 8.8 S form to the 5.1 S form. However, this 5.1 S form is not the exclusive result of the AlkP treatment because an endogenous phosphatase, which may belong to the protein serine\threonine phosphatase family, is responsible for generating a 5.1 S form that can also bind to DNA. On the other hand, incubations with AlkP generated a receptor that is unable to bind steroid, but is able to bind to DNA. These results suggest the existence of two different phosphate groups in MR, one of them would be essential for the steroid binding and the other for preventing receptor binding to DNA.
This indirect evidence should be confirmed. However, what is certain is that the dephosphorylation of some component in the cytosol may regulate the MR transformation process. This is supported by the fact that transformation is inhibited by welldocumented phosphatase inhibitors.
One of the strongest arguments which can be brought against studies such as those presented here is that the transformation may be the consequence of proteolytic activity, even when the buffer contains protease inhibitors. However, Figure 5 shows that the molecular mass of MR estimated by blotting or by labelling with $#P is not altered by treatments. Autoradiographs of incubations accomplished at 20 mC showed sometimes lowermolecular-mass fragments of " 40 kDa and " 15 kDa (results not shown), but the relative radioactivity, normalized as the $#P-labelled fragment : [$#P]MR ratio, was constant for all the treatments.
As levamisole was ineffective as an inhibitor of the endogenous phosphatase activity and okadaic acid was able to inhibit such activity, it can be affirmed that a phosphoprotein phosphatase rather than an AlkP-type enzyme is the ' physiological ' agent responsible for the transformation of MR. In this first attempt to identify that phosphatase, it was concluded that it may belong to the PP1\PP2A serine\threonine phosphatase subgroup.
[Experiments with tautomycin were also accomplished while this manuscript was under revision. Inhibitory effects were observed in itro and in i o upon MR transformation in a concentrationdependent manner (Piwien-Pilipuk, G. and Galigniana, M. D., unpublished work), reinforcing the notion that the endogenous enzyme may be a protein serine\threonine phosphatase.] Recent publications by DeFranco et al. [23, 24] also suggested that PP1\PP2A phosphatases may act on a specific subset of phosphorylation sites in rat GR and that the phosphorylation status is also associated with GR nucleocytoplasmic shuttling.
An important observation for the interpretation of these results must be noted : if MR is a multi-protein complex [8, 14] , features of MR may also reflect the phosphorylated status of some other component of the heterocomplex, but not exclusively the changes exhibited by the receptor. Although detailed studies of hsp90 binding to MR have not been performed, the available evidence is consistent with hsp90 binding to the MR hormonebinding domain [8] . As a consequence, most of the other proteins which are associated with hsp90 should be present in the heterocomplex, as has been demonstrated for the other members of the steroid receptor family (see [18] for a recent review). Most of these proteins exhibit phosphoprotein properties and\or phosphatase activity. The disparity seen in MR sensitivity to different kinds of phosphatases may reflect this fact, since the degree of phosphorylation is essential for receptor activation and transformation.
In very recent work [25] , a new protein has been described as a major component of GR-hsp90 complexes : protein phosphatase 5 (PP5). Interestingly, PP5 belongs to the phosphoseryl\ phosphothreonyl phosphatase subgroup and is inhibited by okadaic acid [26] . To date, there is no evidence for a role of PP5 in GR and, of course, for its presence in MR.
This work is the first study performed on kidney cytosol to evaluate whether MR phosphorylation status may play a role in the mechanism of activation and transformation. The evidence favours the importance of the phosphorylation state in determining both MR events, regardless of which proteins in the heterocomplex may be phosphorylated. Future studies may help to elucidate the whole mechanism of transformation of the native MR, as well as the basis of the regulation by agonists and antagonists.
